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I. ABSTRACT 
Total Energy or Cogeneration Systems, as they are commonly 
referred to today, are among the most effective methods of 
extracting energy from fuel. These systems concurrently satisfy 
both electrical and thermal requirements by utilizing a gas ' 
turbine as a prime mover and making use of exhaust heat that would 
normally be lost. A properly designed cogeneration system is more 
efficient in its use of fuel than any separate electric or heat 
producing facility. 
The concept of cogeneration has been known for decades. It 
has, not been put into widespread application due to economic 
considerations of installation and the low cost of energy. 
However, in recent years .energy costs have increased dramatically 
and cogeneration techniques have proven to be advantageous. The 
cost of installation or retrofitting to existing facilities is 
offset by the savings of fuel used, providing a favorable payback. 
This payback when combined with new federal tax incentives for 
cogeneration facilities is making the installation of cogeneration 
equipment more desirable for both utilities and industry. 
This paper examines the development of cogeneration from 
economic and design viewpoints. An energy balance is set up to 
compare and contrast a conventional steam cycle generating system 
- 1 - 
with a cogeneration system to show where efficiency advantages 
are achieved. Finally, a typical industrial application is 
analyzed to determine whether cogeneration is a cost efficient 
energy management technique. 
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II.  INTRODUCTION AKD HISTORICAL OVERVIEW 
In the early 1900's, a strategy was developed whereby energy 
users could generate and use energy in both electrical and thermal 
form concurrently. Heat normally lost from electrical power 
generation processes was found to be sufficient to provide heat 
for boiler feedwater heating, space heating, and other process 
heating. Considerable savings could be realized from this 
practice. The fuel savings due1 to the heat provided by generation 
processes is credited against the cost of producing electricity. 
, For certain applications, the resultant cost of producing 
electrical power may be considerably below the price of purchasing 
it from a utility. The fact that this type of system would pay 
for itself coupled with short payback periods provides industry 
and utilities with incentives for considering it. 
The term used for the efficient production and usage of heat 
energy and electrical power was "Total Energy Systems." The 
early systems were used mainly by the utilities. An example of 
an early total energy system is the 19^9 installation of a small 
gas turbine at the Oklahoma Gas and Electric Belle Island 
Station (l) . In this system, the gas turbine was the prime 
mover for a small electrical generator (small by utility 
standards). Exhaust heat from the turbine was used to heat the 
feedwater for a boiler of a steam powered generating unit. As a 
result, plant capacity increased and efficiency improved. 
Numbers in parenthesis correspond to entries in the list of 
references.    . 
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Another design, built for the City of Monroe, Louisiana, is 
identified as one of the first complete total energy systems (2). 
It began with the installation of a gas turbine peaking unit in 
1959* A steam turbine unit vas to be installed at a later date 
when electrical demand warranted. The total system vas designed 
with the gas and steam cycles operating together to extract the 
maximum amount of energy possible. Exhaust from the gas turbine 
would be used as preheated combustion air for the boiler of the 
steam turbine. When operating as a total energy system, the 
efficiency would be good enough to provide base load for the 
power system. 
Total energy systems were not only for utilities. Industrial 
plants recognized the savings that could be provided when these 
systems were used in applications with both thermal and electrical 
requirements. Many total energy configurations seemed feasible. 
Of the different applications attempted over the years, some 
proved to be worthwhile and others were found to be uneconomical. 
Most commonly, industrial applications with higher annual utili- 
zation proved to be more feasible than commercial applications. 
Profitability of early systems depended primarily upon design. 
Some systems were designed using ideal conditions which, in 
practice, worked out poorly. This was common especially among > 
commercial applications. Better designs were developed when a 
constant ratio of electrical demand to heat demand was obtained (3). 
-It - 
Almost all early systems were designed as independent systems 
and electrical demand was the primary design criteria. The system 
had to be sized such that the entire electrical load was met. 
This type of design did not take heat demand into account. As 
with any system, a certain quantity of heat would be exhausted, 
and a use for it had to be found. Thus, there usually was either 
an excess or an insufficient amount of heat for the assigned 
process. In both cases, efficiency suffered. Of primary concern 
was the amount of heat energy which was exhausted and lost. The 
case of insufficient heat for an assigned process could be solved 
by using supplemental refiring techniques. 
Another problem with designs using electrical demand as the 
primary criterion is that electrical machines must be rated for 
peak loading with extra capacity to handle periods when other 
units are out of service. This increases initial costs and 
lengthens payback periods by mandating industry to spend more for 
equipment redundancy. 
As total energy systems were used more widely and problems 
with initial costs and efficiencies were uncovered, new design 
data was used. By retaining an interface to the utility, total 
energy systems could be designed with heat demand in mind. Using 
the paralleled generation of industry and utility, more commonly 
termed cogeneration, the system may achieve higher efficiencies 
provided exhausted heat is used. For this venture, industrial 
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in-house generation would handle base loading of the industry, 
and the utility tie line would provide for excess load variations 
and any additional base load required by new installations. 
Cogeneration not only achieves higher efficiencies for/the 
industrial system but can be of benefit for the utilities and 
their source responsibilities as well. As the cost of energy 
increases and more stringent federal regulations are imposed 
on utilities, the capital cost of new generation grows expo- 
nentially. In recent years, growth of electrical demand has 
been unpredictable. Combining these uncertainties with the 
long lead time to build new generating plants, the utilities now 
recognize that power sources brought on line by industries can be 
beneficial. 
From an industrial point of view, the utility that provides 
reserve power is supplying more than power only. The utility is 
supplying a service whereby the industrial plant would not need 
to spend extra money on backup generating units which may have 
been necessary for continuous operations. The utility also 
absorbs swings in the industrial loading allowing the industry's 
cogeneration unit to run at peak efficiency. 
By providing this service to industries, the utility could 
avoid costly expenditures for new generation. By encouraging 
industrial cogeneration and providing reserve power for many small 
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units, the reserve required would be much lower than for one or 
two large utility owned units with equal total rating. Of the  . » 
many small industrial generating plants, very few would be on 
forced outage at any one time. When one or two of the units were 
out of service, the relatively low power loss could easily be 
absorbed by the utility. However, if a large utility unit went 
<■ 
off line, reserve required to make up the power loss would be 
considerable and costly. The use of cogeneration techniques for 
industries will benefit industry by increasing plant power 
producing efficiency and also benefit utilities by removing 
uncertainty in systems planning and reducing the amount of 
spinning reserve required. 
In the early 1970's, energy consumption and efficiency became 
of vital importance to companies that made use of energy from 
fossil fuels. Industries had thermal requirements which had to 
be satisfied by burning quantities of fuel. When costs increased 
tremendously, methods of increasing energy efficiency were welcomed, 
By using a combined cycle cogeneration system, unit net heat rates 
(see cost analysis section of this paper) may often be 50/J less 
than the heat rate corresponding to a utility generator to 
generate the same amount of power (3). The heat rate is a measure 
of how efficiently a system converts fuel into electrical energy. 
By generating more efficiently than the utility, energy and money 
could be saved. Many industries have high thermal requirements 
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and high utilization and would profit by using some type of 
cogeneration system. 
Recently the Federal Government has recognized the fact that 
energy may be saved using cogeneration techniques and has provided 
industry with financial incentives that make the installation or 
changeover more appealing and easily realized. The following 
quote illustrates the stand that the Federal Government has taken 
to promote industrial energy efficiency (3). 
"In his national energy policy presented to Congress 
on April 20, 1977» President Carter requested legis- 
lation to promote electric cogeneration systems to 
conserve fuel. 
"The following quotations from the Administrations 
program statement indicate what changes vere requested 
and how they would affect a potential cogeneration 
application. 
•A tax credit of 10 percent, in addition to 
the current 10 percent tax credit, would 
be provided for the purchase of cogenera- 
tion equipment...* 
"If these tax credits are applicable to your facilities, 
the effective cost of the system is reduced by 20 
percent from the quoted costs. 
•Industries using cogeneration would be entitled 
to intertie with utility transmission facili- 
ties to sell surplus power and buy back-up 
power at fair prices. 
•The Federal Power Commission would be required 
to establish procedures to ensure fair rates 
for both sale of power by cogenerators and for 
purchase of back-up power.1 
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"The installed cost of the system will be lower 
than an isolated system since no low annual 
usage peaking generation capacity or standby 
generation equipment needs to be included. 
This capacity can be furnished by the utility. 
The annual utilization,of the cogeneration 
system can be maximized and the payback improved. 
The system also can be operated to meet process 
heat requirements to optimize the system's 
efficiency at partial heat load conditions. 
This provision also opens the possibility that a 
system which generates more power than the site 
can use would be assured of the opportunity to 
sell the excess power at a fair rate. 
•An exemption from Federal and State 
public utility regulations would be 
available to industrial cogenerators.• 
"This provision would allow the owner of a cogenera- 
tion system to sell excess power to the utility 
without being subject to governmental regulations. 
'...prohibit industry and utilities from 
burning natural gas or petroleum in new 
boilers with only limited environmental 
and economic exception; industry could 
also be prohibited from burning gas or 
petroleum in facilities other than boilers 
by regulations applicable to types of 
installations or on a case-by-case basis. 
'...Those industries which invest in (cogen- 
eration) equipment could be exempted from 
the requirement to convert from oil and gas 
in cases where an exemption is necessary to 
stimulate cogeneration.* 
"With this proposed limitation on oil and gas, the 
industrial user could be faced with the alternative 
of using either cogeneration or coal. By selecting 
cogeneration, the user will be able to avoid con- 
version to coal with all its attendant pollution 
control and solid fuel handling problems to meet 
their process heat requirements." 
- 9 - 
fe 
The incentives that were outlined in this energy policy 
i- 
presentation would greatly aid industry in their development of 
cost efficient cogeneration systems. It is clear that cogenera- 
tion is a viable means of saving energy and if applied on a large 
scale could make a definite impact on the future energy outlook. 
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III. COGENERATION SYSTEMS 
The steam turbine and gas turbine are both standard methods 
for providing mechanical energy for electrical power generation. 
These two methods have been used independently of each other 
with satisfactory efficiencies and outputs. However, it has 
been shown that if the two cycles are combined correctly, the 
resulting efficiency is better'than either one of the cycles 
operating alone. The combination will be discussed in more 
detail later, but first an understanding of each individual 
system should be acquired. 
A conventional steam plant is shown in Figure 1. A forced 
draft fan provides combustion air. This air is usually preheated 
in an air to air heat exchanger that extracts heat from high 
temperature boiler flue gas exhaust. The fuel is mixed with the 
air, ignited, and burned (combusted) in the furnace area of the 
boiler, thereby releasing heat. This heat is absorbed by water 
circulated through tubing configurations that enclose and 
contain the combustion processes to produce steam. Saturated 
steam is produced in a series of tubes called the evaporator. 
Higher temperature steam is produced in the boiler's superheater 
section. Steam exits the boiler and is piped to the steam 
turbine. The energy potential of the steam supply at the 
turbine inlet is converted to provide the rotational force 
through heat expansion of the steam as it passes through the 
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Figure 2  Simplified Gas Turbine 
- 12 - 
turbine stages. After the expansion is complete, the steam, at 
low pressure, passes through a condenser where it is returned to 
its liquid state for return to the boiler as feedwater to begin 
the cycle again. Heat extracted by the condensing medium is 
generally not fully utilized and is lost, although some 
reclaimed benefit can be obtained by preheating make-up water 
and boiler feedwater or specific process and space heating needs. 
A gas turbine cycle is completely different except for the 
fact that it makes use of expanding gases. Figure 2 shows a 
simplified gas turbine. Air is drawn in and compressed in the 
compressor section. It then flows to the combuster where fuel 
is injected into the air stream. The mixture is ignited and 
the high energy hot gases flow into the turbine section. The 
gases are allowed to expand and the thermal energy is trans- 
ferred into a rotational force. Due to the high rotational 
speeds developed by the gas turbine, it must be geared down to 
drive an electric generator. Once expanded, the spent gases 
exit the turbine and are exhausted. The lower the exhaust 
temperatures, the more efficient the gas turbine. However, most 
often the exhaust temperatures are in the 700° to 900°F range 
and this heat energy is being lost when the exhaust is discharged 
directly to atmosphere. Temperatures of the gas turbine exhaust 
vary with the fuel-air ratio which is predicated upon electrical 
demand. 
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When a gas turbine and steam cycle are combined, heat that 
is exhausted or otherwise lost may be partially recovered. 
Figure 3 illustrates a gas turbine followed by a steam turbine. 
The gas turbine cycle is unchanged except that the exhaust now 
flows into a heat recovery boiler instead of being exhausted to 
the atmosphere. This exhaust may be used in a number of ways 
in the heat recovery boiler. The first method makes use of 
the waste gas as the direct heating energy for the boiler. For 
this case the amount of steam produced for the steam turbine 
would be a function of the gas turbine exhaust temperature. 
Temperature of the gas turbine exhaust gases are controlled by 
the fuel-air ratio, as mentioned previously, and depending upon 
electrical loading, this ratio may be adjusted for more or less 
power output from both turbines. The steam turbine output 
follows that of the gas turbine. 
The second method of gas turbine exhaust usage is refiring 
in the boiler.  Figure b shows a simple schematic. Most gas 
turbines are operated using three to four times the amount of 
air required for combustion. Thus, the exhaust stream still has 
a high content of oxygen and may be used as preheated combustion 
air for the boiler. This is the most efficient usage of gas 
turbine exhaust because all of the heat Is utilized. As the 
exhaust enters the boiler, fuel is mixed with it and ignited. 
The amount of fuel added corresponds to the loading on the steam 
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Figure 3  Gas Turbine With Heat Recovery Boiler 
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Figure U      Gas Turbine With Refired Heat Recovery Boiler 
turbine. For greater loads more steam is needed and more fuel 
would be used within the constraints of the exhaust properties. 
If the exhaust stream is not sufficient to provide the combustion 
air needed, supplemental outside air may be introduced and 
blended with the exhaust stream prior to boiler entry. Using 
refiring techniques, the steam turbine cycle is independent of 
the gas turbine operation. The gaB turbine generator may be run 
fully loaded at all times to maximize efficiency and maintain 
constant exhaust flow and temperature. The steam turbine 
generator would have to be loaded enough to make use of all of 
the gas turbine exhaust heat but would be capable of extra 
loading, with added fuel, to handle swings. Optimally, the two 
units would be loaded and provide power for electrical base 
loading of an industrial plant or utility. 
Other advantages of refiring over a boiler heated only by 
gas turbine exhaust is its flexibility during forced outaged and 
maintenance periods. For the case of a heat recovery boiler 
heated only by turbine exhaust, the boiler and steam turbine 
would be shutdown whenever the gas turbine was out of service. 
However, the gas turbine could be operated when the steam 
turbine was shutdown provided a proper exhaust bypass was 
installed. For a refired boiler, either gas or steam systems 
could be operated independently. Efficiency would suffer but 
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the individual units would be available to provide power while 
one or the other was on forced outage. X 
A simple energy balance may be used to show the increased 
efficiency possible with a combined cycle over the straight steam 
cycle (/*)• The process for the steam cycle of Figure 1 is shown 
in Figure 5. Each point on the graph represents a certain 
temperature, enthalpy state which the combustion air and fuel 
takes on. Point 0 represents the initial states of the working 
fluid. As it takeB on heat, the temperature and enthalpy change 
accordingly. States 0 to 1 represents the heat taken on by the 
combustion air (Qg). StateB 1 to 2 is the heat produced due to 
the combustion of the fuel in the boiler (nHHs where nH is the 
efficiency of combustion process; heat lost due to radiation, 
unburnt fuel, etc., 1B taken into account by this term). 
Points 2 to 3 represents the heat that is transferred from the 
hot boiler gases to the steam (Vg). States 3 to k  is the heat 
absorbed by the air heater (Qg; this amount of heat is equal to 
the amount of heat taken on by the incoming combustion air) and 
finally Path h  to 0 represents the heat that is lost and 
exhausted to the atmosphere (7s)• The following energy balance 
may be written. 
Qg +nHHg -, Vg - Qg - Zs = 0    Eq.,1 
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/Enthalpy/ 
Figure 5  Unfolded Temperature Enthalpy Diagram - Stea* Cycle &) 
The energy equation illustrates that  the heat into the 
system equals the heat given up by the system  (positive terms 
indicate heat entering and negative terms   signify heat  exiting 
the system).    Since the heat absorbed by the  incoming combustion 
air equals the amount of heat given up to the air heater,   the 
heat balance equation may be solved for Vg,  the  heat absorbed by 
the steam. 
Vs - nHHs - Zs Eq.2 
An output power equation can be written as, 
PS = nTHVS - PS AUX *l'3 
where n„„ is the thermal efficiency of the steam turbine and 
Pg .yy is the power consumed by the auxiliaries. 
The combined cycle heat balance diagram is somewhat more 
complicated. Figure 6 is the unfolded temperature, enthalpy 
diagram which illustrates the processes for Figure U. Path 0 to 1 
represents the compression of the inlet air into the gas turbine 
CC_). Path 1 to 2 is the heat absorbed by the inlet air from the 
boiler air heater (Q). Points 2 to 3 shows the combustion process 
in the gas turbine (njjHg). States 3 to h  is the power producing 
hot gas expansion in the gas turbine (EQ).  Path h  to 5 represents 
the combustion of gas turbine exhaust and more fuel in the boiler 
(nJig), 5 to 6 is the heat input into the steam circuit (V„), 
6 Jo 7 is the heat absorbed by the air heater (Q), 7 to 8 is a 
- 20 ~ 
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/Enthalpy/ 
Figure 6  Unfolded Temperature Enthalpy Diasra*  r *«  , ^ uup g m - Combined Cycle (k) 
heat recovery stage (R), and finally Path 8 to 0 is the heat 
exhausted to the atmosphere (ZQ). 
The energy balance can be written as follows: 
CC + Q + nHHG -E + nHHB-VC-<*-RC-Zc'"0       ^'U 
Solved for V_, the heat absorbed by the steam, yields: 
Vc = nyCHQ + Hfi) - Zc - (E-C) - R Eq.5 
The power from this combined cycle system can be written as, 
P « nELCE - C) + n^ Vc + nRR - PAUX Eq.6 
where n^ is the efficiency of the gas turbine generator set and 
n^ is the efficiency at which the waste heat is recovered. 
To compare the two systema, the following assumptions will 
be made (U). 
1. The pressure and temperature of the live steam and the 
temperature of the vacuum and feed water systems are 
equal in both cases. 
2. The thermal efficiencies of the steam turbines are equal 
in both cases. 
3. The fuel input for both systems is the same. Therefore, 
HQ + HB = HS 
k.    The exhaust gas losses are equal. Therefore, 
ZS = ZC 
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5. The auxiliary power consumed by the fans in the steam 
only system is set equal to the reduction of pover output 
of the gas turbine. The reduced gas turbine output is 
due to its operation into a higher backpressure than if 
it was exhausted directly into atmosphere. 
6. The airflow through both systems is constant and equal. 
From the previous assumptions, energy relations may be 
written as: 
Vc » nHHs - Z -{3  - C). - Ft Eq,7 
Combining Equation 7 with Equation 2, 
Vc = Vs - (.E - C) - R Eq.8 
The power equation (From Equation 6) may be written as: 
P = n^E - C) + nTft fVs - (E - C) - R] + nRR - PAUX  Eq.9 
and the net increase in output of the combined system over the 
steam only system is 
PC ~ PS ~ (.nEL-nTH)te - C) - (nTH-nR) R Eq.10 
Equation 10 illustrates that a greater output margin can be 
realized by selecting a gas turbine generator set that has low 
compression losses with good expansion characteristics. Also, 
optimum generating efficiency is imperative, A good recuperation 
efficiency is essential to force the second term to zero. Normally 
the recuperation, efficiency is not nearly as good as the thermal 
efficiency so the recuperative section requires special attention. 
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With the selection of proper equipment, substantial power output 
gains may be realized using combined cycle systems. 
Combined cycle systems are not restricted for use only with 
gas turbine and steam cycles. Many industries today have thermal 
requirements that could be met more efficiently through the use 
of combined cycle techniques. Industries with thermal require- 
ments or process steam requirements can make use of combined 
cycles with heat recovery. A gas turbine can be used as a prime 
mover for a base loaded generator. The turbine exhaust may be 
passed directly into an oven for heating or drying. Once again, 
it may be supplemented by the addition of fuel and fired for 
higher temperatures. For drying oven application, the exhaust 
can be used without any type of processing provided the 
temperature is high enough. Gas turbine exhaust inherently is 
clean and dry. 
For heating requirements, a low pressure heat recovery steam 
generator would be used in the exhaust stream. The steam could be 
used for building heating, steam powered drives, steam control, 
or any other low pressure steam requirement. 
A more recent combined cycle combination utilizes a gas 
turbine with a refrigeration cycle. This combination is 
schematically shown in Figure 7. The gas turbine in this 
application operates as previously described. The refrigeration 
cycle uses Freon 11, 12, 21, or Hk  as a working fluid. As 
- 2k  - 
Figure 7  Combined 
Cycle Gas Turbine 
and Low Temperature 
Refrigerant Turbine (5) 
Exhaust-^ 
Intercooler 
illustrated in the figure, the Freon follows a path similar to 
water in a steam cycle. It takes on heat in the intercooler and 
waste heat exhanger,, is expanded to provide power in the 
refrigerant turbine and is condensed and pumped back through the 
cycle. The difference between the steam cycle and refrigerant 
cycle is the temperature constraints in which they work. The 
temperature limit for most of the refrigerants suitable for this 
combined cycle is around l400°F (5). Above these temperatures, 
gas decomposition takes place. However, higher working temperatures 
are not needed due to the good heat absorbtion qualities of the 
gas at lower temperatures. As a result of these heat absorbtion 
properties of the gas, high efficiencies may be achieved in the 
heat recovery stages. 
In this type of combined cycle, the two distinct cycles do 
not share the same temperature ranges. The gas turbine limits 
are approximately 800 to 1500°F, temperatures in the regenerator 
range from U00 to 800°F and refrigerant limits are 100 to U00°F. 
The heat recovery works as follows. The high temperature 
combustion exhaust flows out of the gas turbine. It flows to the 
regenerator where heat is transferred to the turbine inlet air. 
The turbine inlet air is heated from compression, so there is a 
limit to the amount of heat that should be transferred from the 
exhaust gases. The exhaust flows out of the regenerator. It 
still is at an elevated temperature and has substantial heat 
- 26 - 
recovery potential. As it passes through the waste heat exchanger 
the Freon absorbs the last amount of heat in the exhaust stream. 
Due to its inherent properties, the Freon is able to efficiently 
extract a very high percentage of the remaining heat. 
Once the heat is transferred to the Freon, the now high 
energy Freon starts its cycle. It is expanded in the refrigerant 
turbine to produce mechanical energy, condensed and reheated to 
start the cycle over again. 
Due to the temperature ranges that various parts of this 
combined cycle operate in, very high efficiencies may be realized. 
Even when applied to small units that are applicable to indus- 
trial or commercial requirements, the gas turbine/refrigerant 
turbine combined cycle may yield efficiencies far superior to 
single units. 
- 27 - 
IV. COST ANALYSIS 
Cogeneration systems have proven to be quite energy efficient. 
However, any system that is to attain wide usage in large industry 
must also be cost efficient. The recovery of capital investment 
in three to five years is essential. Therefore, any new equipment 
must show such a return on paper before being considered. 
The rate at which capital investment may be recovered on 
cogeneration equipment can be determined by considering four 
primary and two secondary variables (6). The primary variables 
are:  (Costs based on 1980 energy prices) 
1. Utility Electric Rate ($/kwh) - This is the composite 
rate which includes energy charge, demand charge, taxes 
and any other charge that is applicable. This rate may 
be a function of a rate structure which is controlled by 
the utility. 
2. Annual Utilization {%)  - This is the percentage of the 
year that the system is in full operation. It is calcu- 
lated as, 
Annual Utilization = ^"^J^8 °f .°Peration 8760 hours/year 
As with most investments, return increases with increased 
utilization. As indicated previously, maximum efficiency 
occurs with the generator fully loaded. Optimum operation 
would therefore call for full load operation for as many 
hours of the year as possible. 
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3. Fuel Cost ($/million Btu) - Cost of generated electricity 
is a direct function of fuel costs. Fuel costs in dollars 
per million Btu may be calculated for various fuels. 
Number 2 Fuel Oil: 
Heating Value = 130,000 Btu/gal. 
Fuel Cost *» $1.20/gal. 
Fuel Cost ($/mm Btu) = 1,000,000 (1.2) . $o.23/mm Btu 
130,000 
Natural Gas: 
Price = $1*.50 /1000 CFM 
Heat Content « 1000 Btu/CFM 
Fuel Cost t$/mm Btu) = V-mnnW-mnn) = $l4.50/mm Btu 
U. Installed Cost of Cogeneration System ($/kw) - Precise 
costs of installation will vary due to site conditions, 
labor costs and geographical locations. Average values 
are usually used for preliminary estimates. 
The secondary variables for calculating payback are listed 
below: 
1. Net Fuel Rate (NFR) for Generated Electricity 
tBtu/kwh) - NFR is defined as the incremental fuel 
required to generate electricity credited by the fuel 
value of the heat recovered from the exhaust. The Btu 
value of the usable exhaust heat is subtracted from the 
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total amount of fuel burned by the turbine and then 
adjusted by the generator output. All losses in the 
heat recovery equipment must be accounted for. 
NFR = (Turbine Fuel) - (Fuel Value of Heat Recovered) 
Generator Output 
Net fuel rates vary depending upon methods used for heat 
recovery and generator loading. Typical values for Bome 
of the modern units range from I4OOO to 6000 Btu/kwh 
These values compare favorably to utility net fuel rates. 
2. Maintenance Costs - Maintenance is always required on any 
industrial installation.  It is primarily a function of 
normal operating procedures.  Increased maintenance costs 
would correspond to operating procedures calling for 
frequent system start up and shutdown. Maintenance costs. 
would decrease with greater utilization and would be 
lowest for continuous operation. Typically these costs 
are about $0.00l8/kw. 
To illustrate the economic analysis, a specific example will 
be used. This example is typical of an application that may be 
used by any vertically integrated steel plant. Heating and 
treating furnaces have high thermal requirements. They are well 
suited to cogeneration techniques because the temperature required 
is higher than that of the exhaust gas. For this application, the 
exhaust flow from the gas turbine would be used as high temperature 
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combustion air for furnaces. Extra fuel would be addedjto the 
stream and refired to attain the higher temperatures required. 
One gas turbine could be used to provide exhaust heat for a few 
separate furnaces. This would allow furnaces to be taken out of 
service for maintenance without adversely affecting overall 
efficiency. 
At most steel plants coke is used as a fuel for blast 
furnaces. If the coke making facilities are on site, gas turbine 
fuel costs may be reduced by using the by-product gas from the 
coke making process to fire the gas turbine. In this example, it 
will be assumed that the cogeneration gas turbine will burn a 
mixture of coke gas (by-product gas) and natural gas. 
Proceeding with the example: 
Utility Composite Electric Rate = $0.03/kwh 
Annual Utilization; 
21 shift per week operation 
1 day of downtime per quarter 
Utilization = UM^KjpHW - 96% 
Fuel Cost - 50% mixture of coke gas with an energy content of 
500 Btu/CFM and natural gas with 1000 Btu/CFM, For this 
process there is no cost for the coke gas. The cost for 
natural gas is $U.50/mm Btu. After blending, the resulting 
fuel co3t is $3,00/mm Btu, 
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Installed Cost = $l400/kw for a 7500 kw unit 
Recoverable Heat = 55 mm Btu/hr. for furnace operation 
Maintenance Cost = $0.00l8/kwh 
Het Fuel Rate - U500 Btu/kwh 
Cost of Generated Electricity = Fuel Rate x  Fuel Cost + Maintenance 
Cost = (j»5O0)(3.O0)lO6 + 0.0018 
= $0.0153/kwh 
Savings «* Utility Rate - in-house generating cost 
= $0.03 -$0.0153 = $0.0ll*7/kwh 
The annual savings from Figure 8 is shown as $126/kv. 
Therefore, total yearly savings for the 7500 kw cogeneration unit 
is almost $1.7 million. 
Simple Payback Period - Installed Cost per kw/Annual Savings per kw 
= 1400/126 = 3.2 years 
The payback period falls within the allowed three to five 
years required by industry and so the capital investment could be 
Justified, 
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Figure 8  Economic Evaluation Chart (6) 
V.  CONCLUSION 
Cogeneration systems are proving to be very efficient means 
for producing electricity and satisfying heat requirements at the 
same time. It is to both utility's and industry's benefit to 
consider wider use of these systems. Not only does cogeneration 
provide a favorable payback period for capital investment and 
result in future energy savings continuity, but more importantly 
increased application would insure extended availability for 
current energy sources. This would provide additional time for 
researchers to develop new safe alternative energy sources. 
The greatest potential for energy savings is in American 
industry.  Large vertically integrated industries have increasing 
amounts of outdated, energy inefficient facilities which waste 
more thermal energy than is used. A properly applied cogeneration 
system with current state-of-the-art equipment would not only 
decrease thermal waste but would turn the facility into a more 
cost efficient operation. 
In these days when utilities and industries are making large 
capital investments on federally mandated pollution control equip- 
ment, it would seem that investment consideration for cogeneration 
systems would be relevant (unlike pollution control systems which 
require a captial investment with increased operating costs and 
produce no payback, cogeneration systems provide an energy savings 
with resultant payback). Instead of being federally mandated, 
cogeneration is being promoted with tax incentives. Cogeneration 
systems are being recognized as efficient users of current 
sources of energy. With wider usage, such systems could play a 
major role in the ultimate goal to make the United States energy 
self-sufficient. 
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